Background: Though a key symptom underlying many anxiety disorders is hypervigilant threat monitoring, its biological bases in humans remain poorly understood. Animal models suggest that anxious processes such as hypervigilant threat monitoring are distinct from cued fear-like responses and mediated by the bed nucleus of the stria terminalis (BNST). Here, we applied psychophysiological and neuroimaging methodologies sensitive to sustained arousal-based responses to test the role of the human BNST in mediating environmental threat monitoring, a potential experimental model for sustained anxiety symptoms.
A primary aspect of anxious behavior, and a key symptom of anxiety disorders, is chronic, nonspecific apprehension and arousal related to the potential occurrence of future threats (1, 2) . In clinical populations, levels of apprehension are often inappropriate given environmental demands, leading to tension, worry, behavioral impairments, and distress (3, 4) . Anxious apprehension is distinct from exaggerated cue-evoked responses to potential threats such as a phobic individual encountering their most feared stimulus (5, 6) . Such cued responses are triggered readily and exaggerated in magnitude but tend to subside over time when the fear-evoking stimulus is no longer present. Anxious apprehension, by contrast, can fluctuate in magnitude over an extended time scale and be triggered in the absence of discrete, fear-evoking cues. One manifestation of anxious apprehension is hypervigilance, defined as an enhanced state of arousal and readiness to deal with potential threats, often accompanied by negative affect states and activation of the autonomic nervous system (7) . Psychologically, hypervigilance is characterized by heightened monitoring of the environment for cues related to one's future level of threat or safety (8, 9) .
Seminal work using the animal model has dissociated profiles of transient and sustained threat processing that map onto the constructs of fear and anxiety (10, 11) . In rodents, the presence of an unambiguous, proximal predator elicits the classically characterized fear response (12, 13) . As the distance from a predator increases or if the predator's presence is ambiguous, these discrete behaviors give way to sustained risk assessment and vigilance (12) . Neurobiologically, cued threat processing is initiated by the amygdala, whereas sustained vigilance associated with ambiguous or distant threat cues is represented by tonic engagement of the bed nucleus of the stria terminalis (BNST), a ventral basal forebrain structure located superior, medial, and rostral to the amygdala (11,14 -18) . Recently, elevated resting metabolism within the BNST has been identified to mediate trait anxious temperament in primates (19, 20) and BNST lesions disrupt individual variability in rodent anxiety-like behavior (21) . Taken together, these data motivate the hypothesis that the neurobiological bases of hypervigilant threat monitoring in humans may also be more BNST-dependent and less amygdaladependent, distinguishing this form of affective processing from the extensive literature implicating the amygdala in cued responses to discrete threats.
Presently, human neuroimaging experiments poised to inform our understanding of hypervigilant threat monitoring are rare, as most experimental paradigms evaluate responses to discrete stimuli. Meta-analyses have identified a network of brain regions including the amygdala, insular cortex, medial prefrontal cortex, and anterior cingulate that are consistently engaged while processing discrete affective cues including facial expressions, negative images, and conditioned stimuli (22, 23) . Additionally, individuals with anxiety disorders elicit exaggerated responses in several of these regions when encountering discrete affective cues (24, 25) .
By contrast, we developed a task in which arousal is continuously modulated along temporally slow parameters while subjects monitor the environment for cues signaling risk for a forthcoming aversive event. During functional magnetic resonance imaging (fMRI) scanning and skin conductance recording, participants viewed a stimulus line that fluctuated in height, and if the line exceeded a marked threshold, they would accumulate an electric shock that they believed would be administered later. This rendered the experiment free of cued, transient affective events. Variation in the height of the line comprised a dynamic representation of future environmental threat level, validated with skin conductance data to evoke greater arousal with increasing proximity to the shock threshold. We targeted the ventral basal forebrain (VBF), which includes the human BNST, to test whether responses increased with greater threat level and were biased toward exaggerated activity in anxious individuals. Finally, we assessed whether controllability modulated these effects (17, 26) by including one condition where participants believed the line represented their physiological responding and a second line was thought to be outside of their volitional control.
Methods and Materials

Participants
One hundred seven subjects participated in one of two experiments. Forty-eight subjects underwent skin conductance recording and 59 separate subjects completed fMRI scanning. In the fMRI sample, seven participants were excluded for movement exceeding 2 mm and/or signal artifacts, and two participants were excluded for suspicion of the cover story (disbelief they could be shocked), leaving a final sample of n ϭ 50 (22 male participants, mean age ϭ 19.1). One participant from the skin conductance sample was excluded due to suspicion of the cover story, leaving a final sample of n ϭ 47 (22 male participants, mean age ϭ 18.9). Setup, recording, and analysis of the skin conductance sample are reported in Supplement 1. This research was conducted in accordance with guidelines of the Committee for the Protection of Human Subjects at Dartmouth College and all participants provided informed written consent.
Prescreening
Participants were verified to be absent of clinically diagnosable levels of current anxiety disorders and current or past mood disorders using the Structured Clinical Interview for DSM-IV Axis I Disorders (27) and no participant was using psychotropic medications. The potential for covarying mood effects was minimized by excluding any participant scoring greater than 10 on the Beck Depression Inventory (28) . The fMRI participants reported no abnormal neurological history, were native speakers of English, and were verified right-handed with the Edinburgh Handedness Inventory (29) .
Anxiety Characterization
Participants completed several self-report indexes including the Spielberger State-Trait Anxiety Inventory (30), Behavioral Inhibition/Activation Scale (31), NEO Personality Inventory Neuroticism and Extraversion subscales (32) , Intolerance of Uncertainty (33), Penn State Worry Questionnaire (34), Anxiety Symptom Index (35) , and Beck Depression Inventory (28) . It was reasoned that several scales assessing a range of anxiety symptoms would more comprehensively represent participants' general anxiety level than any scale alone. When evaluating the range of anxiety scores against population norms using the Spielberger State-Trait Anxiety Inventory Trait scale (30) , scores in the fMRI cohort ranged from the 1st to 85th percentile with a mean percentile of 39 (SD ϭ 22.7; median ϭ 38) and the galvanic skin response (GSR) cohort ranged from the 1st to 99th percentile with a mean percentile of 38 (SD ϭ 27.56; median ϭ 40). A principal components analysis was conducted with standard parameters (36) , inputting self-report measures, to identify latent metavariables representing general anxiety. Results identified two factors (Table S1 in Supplement 1). Scales indexing general anxiety loaded on the first factor, which explained 45.13% of variance in the overall dataset. Component scores were extracted and used as a single representation of participants' dispositional anxiety in subsequent analyses. The second factor explained 13.3% of variance representing extraversion and was not analyzed further.
Task
During fMRI scanning, participants viewed videos of a line fluctuating in height over time, which they believed represented either their own real-time physiological state (self line [SELF]), ostensibly recorded via a pulse oximeter attached to their finger (Supplementary Methods in Supplement 1 for details regarding stimuli and setup). To test for effects of whether the threat was supposedly controllable, we included a passive line-viewing condition where subjects ostensibly viewed a prerecorded physiological time course of another subject who had previously completed the experiment (other line [OTHER] ). Lines were, in fact, created by experimenters but appeared to resemble physiological responses using actual recording software ( Figure S1 in Supplement 1). For both conditions, participants were instructed they would accumulate electric shocks that would be delivered after the task whenever the line exceeded a certain threshold (horizontal blue line). An updated tally of the number of accumulated shocks was viewable on the right side of the screen (Figure 1 ).
Participants were instructed that during one scan (SELF), they would passively view their own physiological responses in real time and should try to stay calm and avoid accumulating shocks. When viewing the other line (OTHER), they were to passively view the other person's performance, realizing that any shocks accrued by the prior subject would also be delivered at the conclusion of the experiment. To circumvent the use of discrete threat, we stated that we would measure how much time they spent above the blue line and would give them the shocks they On the left is a label of whether the presented ostensibly represented the participant's own internal state information (Subject) or a prerecording of another individual's internal state information (Other), which the participant was to passively view. had accumulated after the task was complete. To facilitate believability of the cover story, participants underwent a shock workup procedure in the control room and wore a faux shocking apparatus in the scanner (Supplementary Methods in Supplement 1).
fMRI
Imaging was performed on a Philips Intera Achieva 3.0 Tesla scanner with a SENSE head coil (both Philips Medical Systems, Bothwell, Washington). Two T2* weighted scans sensitive to the blood oxygenation level-dependent contrast (repetition time ϭ 2000 msec, echo time ϭ 35 msec, flip angle ϭ 90°, 3 ϫ 3 in-plane resolution, SENSE factor ϭ 2) were used to acquire 380 wholebrain volumes (36 slices, 3.5 mm slice thickness, .5 mm gap, anterior commissure-posterior commissure plane). A high-resolution three-dimensional image of the whole brain was acquired with a magnetization-prepared rapid gradient echo sequence (160 sagittal slices, echo time ϭ 4.6 msec, repetition time ϭ 9.9 msec, flip angle ϭ 8°, voxel size ϭ 1 ϫ 1 ϫ 1 mm). Functional data were acquired in two runs, each consisting of 40 seconds of resting fixation, followed by continuous presentation of the SELF or OTHER condition, followed by 40 seconds of resting fixation. The second scan consisted of the same parameters; condition order was counterbalanced across participants. Visual stimuli were presented using Cedrus Superlab 4.0.2 (San Pedro, California) viewable by a back projection screen.
Posttask Assessments
Following scanning, experimenters pretended to deliver electric shocks to the participants and manually logged heart rate responses, serving as an objective manipulation check for physiological responses to the possibility of being shocked (Supplementary Methods in Supplement 1) and to preserve the cover story until after the postquestionnaires had been administered. After scanning, participants completed a questionnaire assessing their belief in the cover story, reported effort placed into controlling the lines, self-reported anxiety about shocks, and strategies invoked during the task (Supplementary Methods in Supplement 1 for questions). At the conclusion of the experiment, participants were fully debriefed.
fMRI Analysis
Processing of fMRI data took place in Statistical Parametric Mapping 2 (SPM2, London, United Kingdom) (37) . Preprocessing steps were carried out including slice time correction, motion correction, correction of movement-by-susceptibility interactions (38) , and spatial normalization. Normalized functional data were spatially smoothed (6 mm full-width at half maximum Gaussian kernel).
Time points were categorized based on the height of the line as low (values 3-5), medium (values 5-7), high (values 7-9), and shock (values Ͼ9), with each level represented by a regressor for SELF and OTHER conditions and rest blocks serving as an implicit baseline. Regressors were convolved with the canonical hemodynamic response function to represent task effects. Task regressors were submitted to an individual subject voxelwise general linear model along with nuisance regressors (session mean, run regressor, linear trend, and six movement parameters derived from realignment corrections) to compute parameter estimates (␤) and contrast images (containing weighted parameter estimates) for each comparison at each voxel. Because low-frequency drift artifacts were accounted for in the general linear model, high pass filtering was not performed.
Region-of-Interest Analysis
Random effects group analysis was carried out by defining regions of interest (ROIs) from an omnibus task Ͼ rest contrast unbiased with respect to condition and individual difference effects and subsequently testing ROIs for task and anxiety effects. As prior research has implicated the ventral basal forebrain consistent with the BNST, the medial temporal lobe and prefrontal structures in mediating threat and anxiety processing (22, 24, 39) , we restricted ROI analyses to these regions. Nine spheres (4 mm radius in subcortical regions, 8 mm in cortical regions) were centered on task Ͼ rest activation peaks, thresholded at p Ͻ .05, corrected (whole-brain false discovery rate [FDR] corrected with five voxel minimum cluster size; Table 1 ).
Contrast coefficients were extracted from each region and submitted to a 2 (SELF, OTHER) ϫ 4 (height: low, medium, high, shock) repeated-measures analysis of variance with anxiety as a Regions listed were defined from an omnibus task Ͼ rest contrast and tested for proximity to threat, line condition, and anxiety effects within 2 (line type; SELF vs. OTHER) ϫ 4 (proximity to threat; low, medium, high, shock) analyses of variance with anxiety as a continuous covariate. Values denote significance levels for main effects of proximity to threat and anxiety and the proximity to threat by anxiety interaction. No region demonstrated a significant main effect of line type, though the left insula trended toward greater response to the SELF relative to OTHER line (p ϭ .06), see Figure 5 . The p values marked with • denote those exceeding Bonferroni-adjusted significance threshold correcting for number of regions tested.
BA, Brodmann area; BNST, bed nucleus of the stria terminalis; DLPFC, dorsolateral prefrontal cortex; DMPFC, dorsal medial prefrontal cortex; ROI, region of interest; VBF, ventral basal forebrain.
continuous between-subject covariate. To facilitate visualization of individual difference effects, data were graphed as a function of anxiety based on a median split. As line height effects were observed to be linear, we calculated the slope of a regression line fit to the fMRI response to line height increases within each participant. Regression coefficients represent the slope of response as proximity to shock threshold increased and were tested against the continuous measure of anxiety using bivariate correlations. For the ROI-based group analysis, regions exceeding Bonferroni-corrected thresholding adjusting for number of ROIs tested are denoted with • in Table 1 . All coordinates are reported in Talairach and Tournoux atlas space (40) and subcortical ROIs were localized using a detailed atlas of subcortical structures (41) .
Whole-Brain fMRI Analysis
The ROI analysis was supplemented with a whole-brain analysis aimed at identifying additional brain regions whose activity was significantly modulated by threat proximity and anxiety. This analysis offers additional information regarding the spatial specificity of anxiety modulations that complement targeted ROI analyses. A conjunction analysis was used to generate a statistical map of brain activity showing both a linear increase in response as a function of line height and significantly exaggerated responsivity in more anxious participants. First, an inclusive mask was generated (p Ͻ .05, whole-brain FDR corrected, five voxel minimum cluster size) of brain areas showing a linear increase in activity with increasing proximity to threat (contrasts weights of Ϫ3, Ϫ1, 1, and 3 for low, medium, high, and shock conditions, collapsed across SELF and OTHER). Within this mask, voxels were submitted to a regression with anxiety score as a between-subjects covariate, identifying areas showing larger linear-increasing responses to line height with greater anxiety. Anxiety effects exceeded a Bonferroni corrected threshold of p Ͻ .05 stipulated by Monte Carlo simulations conducted with the Alphasim plugin of Analysis of Functional Neuroimages software (Washington, DC) (42) based on the mask search volume.
To identify brain regions sensitive to controllability, a wholebrain paired-samples t test was conducted to identify brain areas showing differential activity to the SELF versus OTHER condition, thresholded at p Ͻ .05, whole-brain FDR corrected, five voxel minimum cluster size.
Results
Behavioral Results
Posttest results validated the task manipulation. Participants believed that the SELF condition better represented their own internal state [GSR: F (1,46) 
Psychophysiological Results
Skin conductance data yielded a significant main effect of line height [F (3,135) ϭ 43.01, p Ͻ .001], such that increasing line height predicted more frequent nonspecific skin conductance responses (NS-SCRs), best described by a linear function. We also observed a significant main effect of anxiety [F (1,45) ϭ 5.37, p Ͻ .05], with higher anxiety predicting more frequent NS-SCRs. These effects were qualified by a line height by anxiety interaction [F (3,135) ϭ 3.01, p Ͻ .05], with higher anxiety predicting an exaggerated increasing NS-SCR response to increasing line height ( Figure 2C ). This was additionally demonstrated by calculating the regression line best fitting each individual's NS-SCR frequency to increasing line height and correlating the slope of that line with anxiety scores [r(46) ϭ .30, p Ͻ .05; Figure 3C ). The fMRI cohort demonstrated significantly elevated heart rate responses while expecting to be shocked following the task (Supplementary Results in Supplement 1).
Imaging Results
ROIs. Of the ROIs tested, six demonstrated significant proximity to threat and/or anxiety effects that survived Bonferroni correction (Table 1) Table S2 in Supplement 1.
A whole-brain analysis (SELF vs. OTHER) exploring differences in locus of control revealed a single region, the right responses (A,B) or nonspecific skin conductance responses rates (C) with increasing proximity to threat. Black line denotes regression fit line and gray lines represent 95% confidence intervals of the mean. BNST, bed nucleus of the stria terminalis; VBF, ventral basal forebrain.
anterior insula [xyz ϭ 42,11,Ϫ11; t (49) ϭ 6.17, p Ͻ .05, corrected, Figure 5 ], with greater activity in the SELF than the OTHER condition. No region showed greater activity to the OTHER condition than the SELF condition. See Supplement 1 for discussion of this effect.
Discussion
These experiments aimed to characterize putative neural bases of hypervigilant threat monitoring across a broad spectrum of healthy trait anxiety levels. Using a continuous paradigm validated to invoke differential arousal based on threat proximity, we observed that the left VBF/BNST, right insula, and lateral cortical regions tracked proximity to the shock threshold. Further, these responses were exaggerated in more dispositionally anxious participants. Together with prior work, the current findings implicate these regions in representing the kinds of exaggerated vigilant threat-monitoring behaviors characteristic of anxious individuals (1).
Based on physiological and self-report assessments, participants experienced the task as intended. Physiological indices of arousal increased with increasing line height as measured by skin conductance responses, and fMRI participants demonstrated a heightened heart rate response in anticipation of shock delivery postscanning. Moreover, more trait anxious individuals demonstrated exaggerated skin conductance responding and an exaggerated heart rate increase. These findings converge with prior work reporting greater physiological responses to aversive cues in individuals with higher anxiety (43, 44) and in anxiety disorders (6, 45, 46) . In this paradigm, the height of the line served as an environmental cue providing relevant information to an individual's future relative level of threat or safety. The VBF/ BNST, insular cortex, and lateral prefrontal cortex demonstrated both a linear increase in response as line height increased and exaggerated activity in more anxious individuals. Taken together, these data implicate these regions in exaggerated continuous environmental threat monitoring with greater trait anxiety.
The BNST, located dorsal, medial, and anterior to the amygdala and adjacent to the anterior commissure, is a ventral forebrain structure that like the central nucleus of the amygdala (CN), projects to the brainstem and hypothalamus to mediate arousal and stress responses (47, 48) . The similarity in these projections has led anatomists to consider the BNST an extension of the CN, the so-called "extended amygdala" (49) . In terms of neurochemical and cellular makeup, the BNST holds many similarities to the CN (50) but also possesses some key anatomical differences that may be critical to their divergent functional profiles. The BNST is especially sensitive to corticotropin releasing factor (51-53), a neuropeptide mediating long-lasting peripheral stress responses (54) . In the temporal trajectory of threat processing, the basolateral amygdala drives immediate, phasic emotional responses (55) , whereas temporally extended changes in arousal are represented in activity of the BNST (56) . This shift is likely mediated by direct connections between the basolateral amygdala and BNST (57) and the hippocampus and BNST (58, 59) , given the role of the latter brain structure in monitoring context (60) . The involvement of the VBF/BNST in the present task is consistent with its role in representing temporally diffuse and extended vigilance states (61) related to environmental monitoring. This conception converges with other recent work implicating forebrain and midbrain regions in representing the imminence of potential threats (62) .
Given the unique neuroanatomical properties of the ventral basal forebrain, care should be taken in drawing definitive conclusions regarding the contribution of the BNST versus neighboring nuclei in the reported effects. Within the ventral basal forebrain, cell groups from multiple structures are comingled (63, 64) , rendering their boundaries unclear and motivating our labeling of the observed effects VBF/BNST. However, when referencing the location of the observed VBF activations to a detailed subcortical human brain atlas (41) , activations localized within the boundaries of the BNST ( Figure S4 in Supplement 1). Future research with converging and higher resolution methodologies may provide additional confidence in the role of the human BNST in vigilance and anxiety processes.
The amygdala plays a key functional role in processing salient cues that predict affective environmental events (22, 23, (65) (66) (67) 
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and has shown cued hyperresponding in anxiety disorders (24, 68, 69) . However, in this study, the amygdala showed minimal task-modulated activity or anxiety modulation even at exploratory thresholds. Weak amygdala engagement underscores the importance of considering the experimental context when interpreting neuroimaging findings and highlights key differences between the present experimental context and prior work (70 -72) . In this study, threat level varied slowly along continuous dimensions, and the task was devoid of transient affective events. In contrast, typical provocation paradigms present discrete threatening cues (e.g., threatening face, conditioned stimulus) and measure the short-duration hemodynamic responses that follow. The continuous line stimulus, devoid of transient cues, enables measurement of sustained variation of neural responses to which provocation paradigms are typically insensitive. Further work utilizing experimental paradigms with both transient and continuous manipulations may provide additional evidence to support a functional distinction between the amygdala and other regions such as the BNST and insula in affective processing along different time scales.
In addition to the VBF/BNST, we observed similar task and trait anxiety modulation of activity within the insular cortex. The insular cortex has been implicated in anticipatory and overt affective processing in healthy individuals (73) (74) (75) (76) (77) , with hyperresponsivity in individuals with high trait anxiety (78) and in anxiety disorders (24) . These findings have led some to suggest the insular cortex plays a key role in anxiety by integrating afferent inputs from subcortical regions (79) with body state information, which may be exaggerated in clinically anxious individuals leading to enhanced autonomic output and physiological hyperarousal (80) . Taken with the present results, the insula may be responsive to both transient threat cues as well as extended threat contexts, consistent with a proposed superordinate role for this region in mediating autonomic arousal (81) .
We also observed heightened engagement of lateral prefrontal regions in response to increasing threat proximity, with hyperrecruitment in more dispositionally anxious individuals. At first glance, these results seem contrary to work implicating lateral prefrontal regions in disengaging from threatening cues to perform a secondary task (82) (83) (84) , a behavior in which trait anxious individuals show deficits (85) . However, other studies have demonstrated enhanced recruitment of lateral prefrontal regions while anticipating aversive events (86 -88) . Though speculative, differences in task demands may partially explain these discrepant effects. Whereas divided attention paradigms draw on cognitive resources to disengage attention from affective cues, contexts involving straightforward anticipation may leave these same cognitive resources free to generate ruminative cognitions. If correct, this interpretation predicts diminished recruitment in anxious individuals in disengagement contexts and exaggerated recruitment in anxious individuals in anticipatory contexts. The present findings support this distinction and suggest that anticipatory responses mediated by the lateral prefrontal cortex can be continuous in time scale and upregulated by trait anxiety.
Identifying the neural representation of continuous threat monitoring may have particular relevance to anxiety disorders, a class of Axis I psychiatric illness (4) . Some anxiety disorders have been theorized as disorders of "hyperfear" processing, namely exaggerated responses to clearly defined external cues (e.g., phobias), whereas others are characterized by a diffuse pattern of physiological arousal and negative affect (e.g., generalized anxiety disorder) (2, 18, 89) and most anxiety disorders are marked by interactions among both processes. The present findings suggest that the neurobiological mechanisms subserving these key features of anxiety are at least partially distinct. The BNST, though implicated in animal models of anxiety, has not been widely reported in neuroimaging experiments testing anxiety disorder samples (90) and was not detected in a meta-analysis of exaggerated responses in clinically anxious populations (24) . This initial experiment offers the suggestion that the VBF/BNST plays a role in sustained anxiety symptoms in humans that may not be detectable in the preponderance of experiments to date manipulating cued affect. These findings motivate the hypothesis that anxiety symptoms characterized by temporally extended threat monitoring are mediated by exaggerated responding in brain regions such as the VBF/BNST. Assessing brain mechanisms that support continuous changes in environmental threat monitoring may inform new circuitries mediating pathological sustained anxious behaviors.
